Introduction {#sec1-1}
============

Various chemicals and drugs are found to adversely affect male reproductive system. For instance, smoking is implicated as potential cause of infertility in males. In the line with this issue, the nicotine has been known to representing 90% of total alkaloid in cigarette. Wide range of population is exposed to nicotine via different routes, including smokeless tobacco products, chewing tobacco and/or smoking. Moreover, due to antiherbivore effect of nicotine, it is widely used as an insecticide and nicotine analogue such as imidaclopride ([@ref1]). However, very early studies have shown that, the nicotine is toxic substance, which is highly/rapidly absorbed through respiratory system, oral mucosa as well as skin ([@ref2], [@ref3]). Accordingly, it has been reported that, nicotine inhibits follicular stimulating hormone (FSH) and luteinizing hormone (LH) release from pituitary gland ([@ref4]). Additional research by Yeh *et al* ([@ref5]), showed that, the nicotine as well as cotinine (metabolite of nicotine) decrease rostenedione and testosterone concentrations in rats by competive inhibition of multiple stages in testosterone biosynthesis. More recent studies have shown that, the nicotine obviously affects spermatogenesis ([@ref6], [@ref7]), significantly reduces the semen quality and adversely affects hypophysis-gonadal hormone axis ([@ref8], [@ref9]). Moreover, Nesseim *et al* ([@ref10]) illustrated that nicotine, in a dose and time dependent manner, adversely affects spermatogenesis, which is almost reversible after nicotine withdrawal, even after small doses. In the other study it has been shown that, tobacco extract, depending on dose, pathologically affects the testicular spermatogenesis ([@ref11]). Taking together, it has been illustrated that, the nicotine adversely impacts male reproductive system. Meanwhile, the main mechanism(s) involving in nicotine-induced damages remained obscure.

Apoptosis or programmed cell death is an active process that is known as an important monitoring system in different tissues. Indeed, apoptosis occurs physiologically at various phases of germ cell development and appears to be a regular feature in 20% of the germinal lineage ([@ref12]-[@ref14]). However different evidences have shown that, an increased apoptosis ratio results in severe reduction in sperm count and adversely affects semen quality ([@ref13], [@ref15]). Early key discoveries showed that, two distinguished pathways of intrinsic and extrinsic are involved in apoptosis. The intrinsic pathway, also called mitochondrial pathway, triggers the cascade of caspase (caspase-9, caspase-3) interactions which finally results in apoptosis ([@ref16], [@ref17]). bcl-2 (B-cell lymphoma-2) gene was discovered at the chromosome translocation breakpoint in B-cell follicular lymphomas ([@ref14], [@ref18]). The bcl-2 family is consisted of several members, including pro-apoptotic (e. g. Bax, Bak) and anti-apoptotic (e. g. Bcl-2, Bcl-XL, Mcl-1) genes. The bcl-2 mainly interacts in mitochondrial apoptosis pathway, which is named as Bcl-2-regulated pathway, as well ([@ref18], [@ref19]).

On the other hand, tumor suppressor p53 is known as a guardian of cell cycle which is able to initiate the apoptosis after severe DNA damage. Indeed, the p53 controls germ cells cycle during checkpoints at the G1/S and G2/M borders ([@ref20], [@ref21]). Accordingly, the p53 is often up-regulated after DNA damage resulting in initiation of apoptosis and/or stimulating repair pathways at G1/S as well as triggering cell cycle arrest at G2/M stage ([@ref22]).

Caspases as endoproteases, hydrolyze bonds between peptide in a reaction that mainly depends on catalytic cysteine residues in the caspase active site. Caspases are involved in cascade of evidences such as apoptosis and inflammation ([@ref23]). Accordingly, the caspase family has been classified by their role in various pathways, as those (caspase-3, -6, -7, -8, and -9 in mammals) participating in apoptosis and caspases (caspase-1, -4, -5, -12 in humans and caspase-1, -11, and -12 in mice) involving in inflammation ([@ref23], [@ref24]).

In the line with previous preliminary findings about the nicotine-induced derangements at reproduction level, the present study was done in order to uncover new aspects from the possible mechanism(s), by which the nicotine is able to adversely impact spermatogenesis process. For this purpose, the mRNA and protein levels of bcl-2, p53 and caspase-3 were analyzed for probable nicotine-induced apoptosis. Moreover, the cellular mRNA damage as well as histological alterations were investigated to show any necrosis in testicular tissue.

Materials and Methods {#sec1-2}
=====================

Chemicals {#sec2-1}
---------

The 25 ml vial of nicotine was provided from Sigma chemical Co. (Germany). The rabbit anti-mouse primary antibodies for bcl-2, p53 and caspase-3 (Biocare, USA) were purchased from Life-Teb Gen (Tehran, Iran). The RNA extraction kit (Sinapure RNA) was obtained from Sinaclone Co. (Karaj, Iran). Secondary antibody and DAB chromogen kit (ScyTek Laboratories, Inc) was provided by Life Teb Gen Co (Tehran, Iran). Mounting medium for immunohistochemical analysis (VECTASHIELD) was from Vector Laboratories (California, USA). Other used materials were standard commercial laboratory chemicals.

Animals {#sec2-2}
-------

To follow-up the present study we used 36 mature male Wistar rats. In order to adaptation, the animals were kept in standard plastic cages of dimensions of 50×30×20 cm for one week. The diet and water were given *ad libitum* and all stress factors were reduced to a minimum. Then, the animals were assigned into three groups as control-sham and test groups. The animals in test group subdivided into two groups, including low dose nicotine-received (0.2 mg/kg BW^-1^) and high dose nicotine-received (0.4 mg/kg BW^-1^). The nicotine was diluted in saline normal for obtaining required doses. Indeed, in order to mechanistically analyze the nicotine-induced detrimental impact, the nicotine was administrated intra-peritoneally ([@ref10]). The injectable saline normal was administrated (0.2 ml, IP) in control-sham group. All necessary ethics were considered during present study and were approved by the ethical committee of Urmia University.

Histological analyses {#sec2-3}
---------------------

Following 7 weeks, the testicles were dissected out and fixed in Bouin's solution for 1 week. Ultimately, testicular tissues were dissected-free from surrounding tissues under high magnification by using stereo zoom microscope (Olympus, Japan). Samples were processed through paraffin embedding and blocks were cut by rotary microtome (MICROM GmbH, Germany) and stained with hematoxylin-eosin (H&E). Then the percentage of tubules with positive tubular differentiation index (TDI), tubules with more than 3-4 cellular layers, the percentage of tubules with positive repopulation index (RI), the percentage of tubules with positive spermiogenesis index (SPI), tubules with intact spermiogenesis as well as tubular diameter, height of germinal epithelium and Leydig cells distribution per one mm^2^ of the interstitial connective tissue were analyzed.

Immunohistochemical (IHC) staining {#sec2-4}
----------------------------------

Tissue section slides were heated at 60 °C for approximately 25 min in a hot air oven (Venticell, MMM, Einrichtungen, Germany). The tissue sections were de-paraffinized in xylene (2 changes, 5 min for each xylene) and rehydrated using an alcohol gradient (90%, 80%, 70% and 50%). The antigen retrieval process was performed in 10 mM sodium citrate buffer. Immunohistochemical staining was conducted according to the manufacturer's protocol (Biocare and ScyTek, USA). Briefly, endogenous peroxidase was blocked in a peroxidase blocking solution (0.03% hydrogen peroxide containing sodium acid) for 5 min. Tissue sections were washed gently with phosphate buffer saline (PBS, pH 7.2) and subsequently incubated with bcl-2 (1:500), p53 (1:600) and csapase-3 (1:500) primary antibodies at -4 °C, overnight. The sections were rinsed gently with washing buffer (PBS, PH 7.2) and placed in a buffer bath. The slides were then placed in a humidified chamber with a sufficient amount of streptavidin--HRP (streptavidin conjugated to horseradish peroxidase) in PBS containing an anti-microbial agent. The slides were incubated for 15 min. Subsequently, the tissue sections were rinsed gently in washing buffer and placed in a buffer bath. A DAB chromogen was added to the tissue sections and incubated for 5 min. Then, the sections were counter stained with hematoxylin for 20 sec. After that, the sections were dipped in weak ammonia (0.037 ml) for 10 times, rinsed with distilled water and cover slipped. The bcl-2, p53 and caspase-3-positive cells were count in one mm^2^ of the tissue and quantitatively compared between groups. Moreover, the cellular distribution was analyzed by software analyses (see next).

Fluorescent analyses for RNA damage {#sec2-5}
-----------------------------------

The RNA damage was assessed based on Darzynkiewicz method ([@ref25]). In brief, the testicular samples were washed out with ethyl-alcohol and cut by cryostat (8 µm). The prepared sections then were fixed by different degrees of ethanol (90%, 80%, 70% and 60%) for 15 min. After that, the sections were rinsed in acetic acid (1%) and then washed with distilled water. The specimens were stained with acridine-orange for 3 min and distained in phosphate buffer (PH 6.85). After that, the slides were followed for fluorescent colors differentiation in calcium chloride. The necrotic follicular cells were characterized by loss of RNA and/or with faint red stained RNA. The normal cells were marked with bright red RNA at the apex of the nuclei. Finally, the stained cells were estimated by using software analyses (see next).

RNA isolation {#sec2-6}
-------------

Total RNA was extracted from testicles of test and control animals based on manufactures order for kit (Sinapure RNA, Iran). Each testis was homogenized by using homogenizer Precellys 24 (Bertin Technologies, Aix-en-Provance, France). Subsequently, the samples were processed according to the manufacturer's instructions. Isolated RNA was stored at −70 °C. The RNA quality and purity were measured with a NanoDrop-1000 spectrophotometer (Thermo Scientific, Washington, USA).

Reverse transcription polymerase chain reaction (RT-PCR) {#sec2-7}
--------------------------------------------------------

For the synthesis of cDNA, 5 µg of purified RNA was used. We added 1 µl DNase I (Invitrogen, Eugene, USA), 1 µl DNase I reaction buffer (Fermentas, Burlington, Canada) and H~2~O to reach a volume of 10 µl. This mixture was incubated for 30 min at 37 °C in an ATP Thermal Cycler (Arash Pishro Teb, Tehran, Iran). After incubation, 1 µl EDTA (Fermentas) was added and incubation continued at 65 °C for 10 min. Then 30 µl of the reaction mixture (8 µl of reaction buffer for M-MuLV reverse transcriptase (Fermentas, Burlington, Canada), 5 µl 10 mM 4dNTP (Fermentas, Burlington, Canada), 0.3 µl Ribo Lock inhibitor (Fermentas, Burling-ton, Canada), 1 µl oligo (dT) + random primers (Promega, Madison, USA) and 15.7 µl H~2~O) was added to the samples. The mixture was incubated for 60 min at 42 °C, for 10 min at 70 °C, and at the end was maintained at 4 °C. The obtained cDNA was stored at −20 °C. The PCR conditions were run as follows: general denaturation at 95 °C for 3 min, 1 cycle, followed by 35 cycles of 94 °C for 20 sec; annealing temperature (52 °C for 1 min for p53, 62 °C for 1 min for bcl-2, 50 °C for 30 sec for caspase-3 and 63 °C for 30 sec for GAPDH); elongation: 72 °C for 1 min and 72 °C for 5 min. Specific primers ([@ref26]-[@ref28]) were designed and manufactured by CinnaGen (CinnaGen Co Tehran, Iran). Primers pair's sequences and products size for each individual gene are depicted in [Table 1](#T1){ref-type="table"}. Final PCR products formed were analyzed on 1.2% agarose gel electrophoresis and densitometry analysis of the bands were done by using PCR Gel analyzing software (ATP, Tehran, Iran). The control was set at 100% and experimental samples were compared to the control.

###### 

Sequences of the primer pairs and product sizes used for RT-PCR

  Gene name   primer                          product size
  ----------- ------------------------------- --------------
  P53         5'-ATGGAGGAGTCACAGTCGGATA-3     250 bp
              5'-GACTTCTTGTAGATGGCCATGG-3'    
  Bcl-2       5' - CGCCCGCTGTGCACCGAGA-3'     228 bp
              5' -CACAATCCTCCCCCAGTTCACC-3'   
  Caspase-3   5'-TACCCTGAAATGGGCTTGTGT-3'     
              5'-GTTAACACGAGTGAGGATGTG-3'     446 bp
  GAPDH       5'-GTTACCAGGGCTGCCTTCTC-3'      
              5'-GGGTTTCCCGTTGATGACC -3'      390 bp

Blood sampling and serum preparation {#sec2-8}
------------------------------------

Blood samples from corresponding animals were collected directly from heart and the serum was separated by centrifugation (3000 g for 5 min) and subjected to assessment for serum luteinizing hormone (LH), follicular stimulating hormone (FSH) and testosterone concentrations. The serum levels of hormones were analyzed by using electrochemi-lunescence method. The intra-assay coefficient variance for LH, FSH and testosterone were, 5.9% (for 10 times), 4.18% (for 10 times) and 4.8% (for 10 times), respectively. Inter-assay coefficients variances of 8 5.9% (for 10 times), 6.9% (for 10 times) and 9.9% (for 10 times) were also calculated for LH and FSH, respectively.

Statistical and Image analyses {#sec2-9}
------------------------------

The data are represented as the mean±SD for quantitative parametric data; Student's t-test was used to compare means between groups, and a one-way ANOVA to compare more than two groups. The intragroup difference was assessed using a *post hoc* test and calculation of the least significant difference. Significance was set at *P*\<0.05. The distribution of bcl-2, p53 and caspase-3-positive cells per one mm^2^ of the tissue were assessed by using image pro-insight microscope analyses software (version 9:00). Onboard camera (Sony, Japan) was used for image capture photomicrographs. The fluorescent red and green spots for mRNA damage were analyzed by using image pro-insight software (Version 9:00) based on pixel intensity.

Results {#sec1-3}
=======

General findings {#sec2-10}
----------------

In order to estimate the effect of nicotine on gonadal weight, the total testicular weight relative to total body weight was analyzed. Observations revealed that nicotine, in a dose dependent manner, diminished testicular weight relative to total body weight. More analyses showed a remarkable (*P*\<0.05) reduction in serum level of testosterone in the nicotine-received animals versus those in control group ([Table 2](#T2){ref-type="table"}).

###### 

Effect of nicotine on original body weight, final body weight after study, Absolute weight of testes and relative weight of testes. All data are presented in mean±SD

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                   Control                                       0.2 mg/kg                                     0.4 mg/kg
  ------------------------------------------------ --------------------------------------------- --------------------------------------------- ----------------------------------------------
  Original body weight (g) final body weight (g)   202.2±12.6[\*](#t2f1){ref-type="table-fn"}\   216.4±27.9[\*](#t2f1){ref-type="table-fn"}\   214.6±9.5[\*](#t2f1){ref-type="table-fn"}\
                                                   240±15.2[\*](#t2f1){ref-type="table-fn"}      200±22.2[\*](#t2f1){ref-type="table-fn"}      226±10.3[\*](#t2f1){ref-type="table-fn"}

  Absolute testicular weight (g)                   2.210±0.14[\*](#t2f1){ref-type="table-fn"}    2.32±0.025[\*](#t2f1){ref-type="table-fn"}    1.89±0.032[\*\*](#t2f2){ref-type="table-fn"}

  Relative weight of testes (%)                    0.98±0.52[\*](#t2f1){ref-type="table-fn"}     1.01±0.010[\*](#t2f1){ref-type="table-fn"}    0.72±0.30[\*\*](#t2f2){ref-type="table-fn"}
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Note: versus

(*P*\<0.05)

Nicotine reduced serum levels of LH, FSH and testosterone {#sec2-11}
---------------------------------------------------------

Biochemical analyses revealed that, the nicotine diminished serum levels of LH and FSH, dose dependently. Accordingly, the animals in high dose (0.4 mg/kg) nicotine-received group showed a significant (*P*\<0.05) reduction in serum levels of LH and FSH versus control and low dose (0.2 mg/kg) nicotine-received groups. Moreover, the animals in nicotine-received groups exhibited a remarkable (*P*\<0.05) reduction in serum levels of testosterone, LH and FSH in comparison to those in control group ([Table 3](#T3){ref-type="table"}).

###### 

Nicotine-induced alterations at serum levels of follicular stimulating hormone (FSH), luteinizing hormone (LH) and testosterone in different groups. All data are presented in mean±SD

                         Control         0.2 mg/kg        0.4 mg/kg
  ---------------------- --------------- ---------------- ------------------
  FSH (mIU/ml)           0.25±0.01\*     0.21±0.01\*      0.19±0.006\*
  LH (mIU/ml)            0.27±0.005\*    0.23±0.005\*\*   0.15±0.002\*\*\*
  Testosterone (ng/ml)   33.39 ±0.53\*   20.16±1.06\*\*   13.65±4.80\*\*\*

Note:\* versus \*\*, (*P*\<0.05), \* versus \*\*\* (*P*\<0.001) and \*\* versus \*\*\*, (*P*\<0.001)

Nicotine adversely affected spermatogenesis {#sec2-12}
-------------------------------------------

As preliminary findings, light microscopic analyses showed a significant (*P*\<0.05) reduction in percentage of tubules with positive TDI, RI and SPI in the nicotine-received groups. These impairments were enhanced depending on administrated doses. Moreover, the animals in the nicotine-received groups exhibited a severe edema in interstitial connective tissue, decreased Leydig cells distribution, and diminished tubular diameter as well as reduced spermatid volume. More analyses showed that nicotine, in a dose dependent manner, resulted in tubular depletion and germinal epithelium dissociation ([Figure 1](#F1){ref-type="fig"}). The data for histomorphometric analyses are represented in [Table 4](#T4){ref-type="table"}.

###### 

Mean percentage of seminiferous tubules with positive tubular differentiation, spermiogenesis and repopulation indices in different groups. All data are presented in mean±SD

                                      control        0.2 mg/kg        0.4 mg/kg
  ----------------------------------- -------------- ---------------- ------------------
  Tubular differentiation Index (%)   90.24±3.56\*   82.35±4.93\*\*   63.41±5.71\*\*\*
  Spermiogenesis Index (%)            75.31±6.33\*   53.11±6.80\*\*   48.37±4.33\*\*
  Repopulation Index (%)              82.45±4.31\*   63.34±2.77\*\*   40.20±3.61\*\*\*

Note:\* versus \*\*, (*P*\<0.05), \* versus \*\*\* (*P*\<0.001) and \*\* versus \*\*\*, (*P*\<0.001)

![Cross section from seminiferous tubules of (A) control-sham, (B) 0.2 mg/kg nicotine-received and (C) 0.4 mg/kg nicotine-received groups. See intact seminiferous tubules in control group with normal spermatogenesis (NS) and no edema in interstitial connective tissue. Note seminiferous tubule with negative TDI (N.TDI), germinal epithelium dissociation (GED) in cross section from 0.2 mg/kg nicotine-received group, which is developed to complete tubular depletion (TD) and spermatogenesis arrest (SA) in 0.4 mg/kg nicotine-received animals. H&E staining, Scale bars for first row: 120 µm and scale bars for sec row: 50 µm](IJBMS-20-199-g001){#F1}

Nicotine increased the p53 and caspase-3 expression {#sec2-13}
---------------------------------------------------

Observations revealed a significant (*P*\<0.05) enhancement in p53 expression at mRNA and protein levels. Accordingly, the nicotine resulted in increased distribution of p53-positive cells in one mm^2^ of the testicular tissue and enhanced the mRNA level of p53, especially at high dose (0.4 mg/kg) level (Figure [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). More analyses for caspase-3 revealed a remarkable (*P*\<0.05) upregulation in protein level of caspas-3 in nicotine-received groups versus control-sham animals.

![Immunohistochemical staining for p53 in (A) Control-sham, (B) 0.2 mg/kg nicotine-received and (C) 0.4 mg/kg nicotine-received groups. See increased protein level of p53 (brown chromogen sites, arrows) in nicotine-received groups versus control-sham group, Scale bars: 40 µm. (D) semi-quantitative analyze for p53 reaction as positive pixel diagnosis and (E) quantitative p53-positive cells count per one mm^2^ of the testicular tissue; All data are represented in mean±SD, \*versus \*\*, (*P*\<0.001)](IJBMS-20-199-g002){#F2}

![Effect of nicotine (NCT) on mRNA level of p53; (A) the mRNA levels of p53 and GAPDH were evaluated by using semi-quantitative RT-PCR. (B) Represents the density of p53 mRNA levels in testicular tissue that were measured by densitometry and normalized to GAPDH mRNA expression level. Results are expressed as integrate intensity value (IDV) of p53 mRNA level, \* versus \*\*, (*P*\<0.001)](IJBMS-20-199-g003){#F3}

Indeed, the protein level of caspase-3 was increased at both mRNA and protein levels, dose dependently ([Figure 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}).

![Immunohistochemical staining for caspase-3 in (A) Control-sham, (B) 0.2 mg/kg nicotine-received and (C) 0.4 mg/kg nicotine-received groups. See intensive elevation in protein level of caspase-3 (brown chromogen sites, arrows) in nicotine-received groups compared to control-sham group, Scale bars: 40 µm. (D) semi-quantitative analyze for caspase-3 reaction as positive pixel diagnosis and (E) quantitative caspase-3-positive cells distribution per one mm^2^ of the testicular tissue; All data are represented in mean±SD, \* versus \*, (*P* \<0.001), \* versus \*\*\*, (*P*\<0.001) and \*\* versus \*\*\*, (*P* \<0.05)](IJBMS-20-199-g004){#F4}

![Effect of nicotine (NCT) on mRNA level of caspase-3; (A) the mRNA levels of caspase-3and GAPDH were evaluated by using semi-quantitative RT-PCR. (B) represents the density of caspase-3mRNA levels in testicular tissue that were measured by densitometry and normalized to GAPDH mRNA expression level. Results are expressed as integrate intensity value (IDV) of caspase-3mRNA level, \* versus \*\*, (*P*\<0.001), \* versus \*\*\*, (*P*\<0.001) and \*\* versus \*\*\*, (*P*\<0.05)](IJBMS-20-199-g005){#F5}

The expression of bcl-2 was diminished in nicotine-received groups {#sec2-14}
------------------------------------------------------------------

Considering the anti-apoptotic role of bcl-2, the protein and mRNA levels of bcl-2 were analyzed. The nicotine, in a dose dependent manner, significantly (*P*\<0.05) reduced the bcl-2 protein level. Accordingly, the animals in high dose nicotine-received (0.4 mg/kg) group exhibited lowest bcl-2-positive cells/one mm^2^ of the testicular tissue versus the lower dose nicotine-received (0.2 mg/kg) and control-sham groups. The results for RT-PCR corroborated the IHC staining and exhibited a remarkable (*P*\<0.05) reduction at mRNA level ([Figure 6](#F6){ref-type="fig"}).

![Immunohistochemical staining for bcl-2 in (A) control-sham, (B) 0.2 mg/kg nicotine-received and (C) 0.4 mg/kg nicotine-received groups. The protein level of bcl-2 (see brown sites, arrows) is elevated in nicotine-received animals compared to control-sham group, Scale bars: 40 µm. (D) semi-quantitative analyze for bcl-2 reaction as positive pixel diagnosis and (E) Quantitative bcl-2-positive cells distribution per one mm^2^ of the testicular tissue; All data are represented in mean±SD, \* versus \*\*, (*P*\<0.001), \* versus \*\*\*, (*P*\<0.001) and \*\* versus \*\*\*, (*P*\<0.05)](IJBMS-20-199-g006){#F6}

Nicotine resulted in severe mRNA damage {#sec2-15}
---------------------------------------

Special fluorescent staining was done in order to analyze the mRNA damage (albeit in necrotic cells). The nicotine, dose dependently, increased the mRNA damage at spermatogenesis cell lineage. Accordingly, the animals in the high dose nicotine-received (0.4 mg/kg) group exhibited significantly (*P*\<0.05) higher (40.26±3.53) percentage of tubules with mRNA damage versus those animals in lower (0.2 mg/kg) dose nicotine-received (32.19±4.21) and control-sham (13.73±1.26) groups ([Figure 7](#F7 F8){ref-type="fig"}).

![Effect of nicotine (NCT) on mRNA level of bcl-2; (A) the mRNA levels of bcl-2 and GAPDH were evaluated by using semi-quantitative RT-PCR. (B) represents the density of bcl-2 mRNA levels in testicular tissue that were measured by densitometry and normalized to GAPDH mRNA expression level. Results are expressed as integrate intensity value (IDV) of bcl-2 mRNA level, \* versus \*\*, (*P*\<0.001), \* versus \*\*\*, (*P*\<0.001) and \*\* versus \*\*\*, (*P*\<0.05)](IJBMS-20-199-g007){#F7}

![Fluorescent staining for mRNA damage in (A) control-sham, (B) 0.2 mg/kg nicotine-received and (C) 0.4 mg/kg nicotine-received groups. The cross section from control-sham animals is representing intact cells with normal mRNA with red-fluorescent appearance (Arrows). However, note a significant enhancement in mRNA damage at germinal cell levels in nicotine-received animals (yellowish-fluorescent, thick arrows). (D) semi-quantitative analyze for mRNA and (E) percentage of tubules with mRNA damage, all data are presented in Mean±SD, \* versus \*\*, (*P*\<0.001)](IJBMS-20-199-g008){#F8}

Discussion {#sec1-4}
==========

Our data showed that, the nicotine at both dose levels resulted in severe histological damages at spermatogenesis level and diminished serum level of testosterone. Accordingly, nicotine adversely affected the differentiation, repopulation and spermiogenesis indices. Our data showed that, the nicotine upregulated the p53 and caspase-3 expression at both mRNA and protein levels versus control-sham animals. Moreover, observations revealed a significant reduction at mRNA and protein levels of bcl-2 in nicotine-received animals. Finally, we showed that, the nicotine resulted in a remarkable mRNA damage in spermatogenesis cell lineage. Accordingly, the percentage of seminiferous tubules with mRNA damage was increased in the nicotine-received groups.

As preliminary findings, we showed that the nicotine reduced the testicular weight gain relative to total body weight, which could be attributed to testosterone withdrawal. Indeed, it has been shown that, the physiologic interaction between testosterone and Sertoli cells promotes the spermatogenesis process. Therefore, decreased level of the testosterone in the nicotine-received groups could adversely affect the spermatogenesis process ([@ref29], [@ref30]), which in turn was able to decrease tubular cellularity. Therefore, the cellular depletion resulted in severe reduction in total testicular weight gain. Our findings were in accordance with previously reports for nicotine-exposed animals ([@ref6], [@ref7]). In the line with this issue, it has been shown that, the nicotine-reduced gonadotropins secretion is partially responsible for sharp reduction in testosterone level as well as Sertoli cells damage ([@ref9], [@ref8]). Here in present study we showed that, the nicotine decreased the Leydig cells distribution, diminished serum level of LH and FSH as well as testosterone versus control animals. Although defected hypophysis-gonadal hormone axis and diminished testicular endocrine status are illustrated as possible mechanism for nicotine-induced damages, the exact mechanism(s) by which nicotine affects the spermatogenesis process is remained unknown. For this purpose, aside the roles of gonadotropins and testosterone, the role of apoptosis was investigated here in present study as novel aspect for nicotine-induced derangements in testes.

Our RT-PCR and IHC analyses showed that, the nicotine significantly decreased the bcl-2 mRNA and protein levels. Actually, the protein bcl-2 is actively involved in apoptotic pathways. Accordingly, miss expressing of bcl-2 up-regulates the permeability of mitochondrial membrane, which in turn results in intensive release of cytochrome C from mitochondrial inner-membrane space into the cytoplasm ([@ref17]). Moreover, sequestration of pro-caspases and inhibiting self-cleavage of caspases are known as another possible mechanism for anti-apoptotic activity of bcl-2 ([@ref17], [@ref19]). Thus, we can hypothesis that, decreased expression of the bcl-2 may trigger the apoptosis pathway partially by up-regulating permeability of mitochondrial membrane and/or by enhancing self-cleavage of caspases (caspase-9).

On the other hand, the interaction between bcl-2 family and the p53 should not be ignored. In order to illustrate the cross link between the bcl-2 and p53 proteins, the mRNA and protein levels of the p53 were analyzed in present study. In fact, the p53 directly impacts the activity of bcl-2 as a part of transcription-independent program of cell death ([@ref31]). Actually, the cytosolic p53 binds to pro-apoptotic (Bax and Bak) bcl-2 family proteins, which in turn leads to enhancing the permeability of mitochondrial membrane ([@ref32], [@ref33]). Thus, overexpressed p53, itself, acts as antagonist of anti-apoptotic (bcl-2 and bcl-xL) bcl-2 proteins ([@ref27], [@ref28]). Our observations revealed a significant enhancement in distribution of p53-positive cells in one mm^2^ of the tissue. Moreover, the animals in nicotine-received groups exhibited elevated mRNA levels of the p53. Thus, we can come close to this fact that, the nicotine by up regulating the p53 expression promotes the apoptosis pathway in spermatogenesis cell lineages. In the line with this issue, the p53 is a sequence-specific transcription factor, which is activated by diverse forms of cellular stress and is known to mediate the cycle arrest in response to cellular stress ([@ref21], [@ref22]). In corroboration with this characteristic of p53, the animals in nicotine-received groups showed spermatogenesis arrest (See depleted seminiferous tubules in [Figure 1](#F1){ref-type="fig"}) and increased percentage of seminiferous tubules with negative TDI, RI and SPI indices (Note [Table 1](#T1){ref-type="table"}). However, it should be considered that the nicotine, even at dose level of 0.4 mg/kg, was able to reduce the TDI, SPI and RI indices approximately 30%-40% of tubules, which is not effective enough to induce complete infertility. To simulate this condition with human cases we can come close to this fact that, although the nicotine adversely impacts the spermatogenesis, spermiogenesis as well as cellular repopulation indices, to see remarkable effects higher doses of nicotine and/or longer time is required.

Caspases are actively involved in cleaving the proteins at aspartic acid residues and are known to be participated in cleaving neighboring amino acids ([@ref34], [@ref23]). Indeed, once caspases are activated, there seems to be an unalterable commitment to cell death ([@ref23], [@ref34]). Therefore, here in present study we aimed to investigate the expression of caspase-3, as an executioner caspase, following exposure to the nicotine. Observations revealed a significant enhancement in expression of caspase-3 at both levels of mRNA and protein versus control-sham animals. The caspase-3 activates cytoplasmic endonucleases that degrade the nuclear materials and proteins as well as cytoskeletal proteins ([@ref35], [@ref23]). Previous studies have shown that, the caspase-3 by cleaving the inhibitor of endonuclease caspase activated DNAse (CAD), results in releasing of CAD. Finally, released CAD degrades chromosomal DNA ([@ref36]). Considering all these findings, it would be logic to conclude that, nicotine by triggering the apoptotic pathway (by down-regulating bcl-2 expression and by upregulating p53 level) results in caspase-3 overexpression (Note [Figure 9](#F9){ref-type="fig"}). Ultimately, the expressed caspase-3 in turn enhances the protein, DNA and cytosolic materials degradation. Reduced cellularity as well as arrested spermatogenesis in nicotine-received animals confirms this hypothesis.

![Possible pathway for DNA fragmentation in nicotine-received groups; Indeed, reduced expression of bcl-2 results in oligomerization of the Bax proteins in mitochondrial membrane, which leads to cytochrome C (cyt c) linkage in cytoplasmic. Then, by expression/activation of caspase-9 the caspase-dependent pathway initiates, which ultimately triggers caspase-3 overexpression. Elevated caspase-3 expression finally results in severe DNA damage at germinal cell level](IJBMS-20-199-g009){#F9}

It has been shown that non coding RNAs are rapidly and globally degraded during apoptosis. Although the mRNA is stabilized for 7 hr in haploid cells ([@ref37]), the mRNA decay is triggered early in apoptosis. Indeed the mRNA degradation depends on the permeablization of mitochondrial outer membrane and it is amplified by caspase activation ([@ref38], [@ref39]). Therefore, we can suggest that nicotine-induced RNA damage correlates with intensive caspase expression. Minding this hypothesis we can conclude that, nicotine exerts its detrimental impact not only by enhancing DNA damage via initiating apoptosis but also it results in sever RNA damage at spermatogenesis lineage levels. On the other hand, it should be considered that nicotine-induced cellular damage results in increased levels of reactive oxygen species ([@ref40], [@ref41]), which in turn are known to adversely impact the cellular DNA, RNA, protein and lipid structures ([@ref42]). Considering these findings we can come close to this fact that, aside nicotine-increased caspase-3 expression, the pathologically produced oxidative stress may partially upregulated the RNA damage in nicotine-received testes.

Conclusion {#sec1-5}
==========

our data showed that, the nicotine by, a- down regulating serum level of testosterone and LH, b- reducing the bcl-2 expression, c-enhancing the p53 and caspase-3 expression and d- by inducing severe RNA damage at germinal epithelium level pathologically affects spermatogenesis. Ultimately, arrested spermatogenesis in turn results in severe reduction in testicular weight gain relative to total body weight.
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